We report the carbon (δ 13 C) and oxygen (δ 18 O) isotope records of three modern Tridacna derasa shells from Ishigaki-jima, southwestern Japan. The high-resolution δ 13 C profiles of samples from the inner shell layer on cross-sections fall within similar narrow ranges and display no regular variations or trends, such as an ontogenetic trend or abrupt short-term drops likely to be related to reproductive activity. This suggests that the calcification site of this species is not likely affected by photosynthetic CO 2 uptake or CO 2 incorporation during respiration. correspond to an overestimate of the seawater temperature by as much as 1.7°C and 2.3°C, respectively. However, these differences are smaller in the adult stage (<0.25‰) than in the other stages. This small difference allows an accurate reconstruction of the seawater temperature with an error of <1.1°C. Consequently, we recommend that multiple shell records be obtained because of the non-negligible intraspecific variations in their δ
Introduction
High-resolution paleoenvironmental records are required from various localities over the globe to understand past climate dynamics and predict future climate change. Marine carbonate-secreting organisms, such as corals and mollusks, are sensitive to the ambient environment and preserve various types of environmental information in their skeleton in the form of physical (e.g., increment width) or geochemical variations [1] [2] [3] . Of these records, the oxygen isotope ratios (δ 18 O) of biogenic carbonates has widely been used to reconstruct paleoenvironments because it commonly reflects both sea-surface temperatures (SSTs) and the δ 18 O values of the ambient seawater (δ 18 O sw ) in which the carbonates were secreted [4] [5] [6] [7] . Numerous paleoenvironmental studies have investigated the biogenic carbonates of foraminifers [8, 9] , corals [10] [11] [12] [13] [14] , mollusks [15] [16] [17] [18] [19] , and brachiopods [20] [21] [22] [23] [24] .
The tridacnids (Subfamily Tridacninae Lamarck, 1819 [25] ) are some of the largest bivalves, with shell length being up to 1 m at a maximum, in geological history and have been a prominent member of Indo-Pacific coral reef communities since the Eocene [26] . All tridacnids live in the euphotic zone and are associated with unicellular algal symbionts (zooxanthellae). This association gives rise to unusually high calcification rates, attributed to light-enhanced calcification [27, 28] . The tridacnids form dense aragonitic shells with annual lines and daily growth bands in their inner shell layer [29, 30] , which allow the reconstruction of paleoenvironmental change, even on a subdaily time scale [31] . The isotopic data collected previously indicate that tridacnids precipitate their shells in oxygen isotopie equilibrium with seawater [32, 33] . Patzöld et al. (1991) [34] showed that the biogenic (daily growth banding) and geochemical (δ 18 O values) records in the inner shell layer are more suitable for paleoenvironmental reconstruction than those of the outer shell layers or hinge, so the former have been used for paleoenvironmental studies [2, 30, [35] [36] [37] [38] . Therefore, we also studied the isotopic records in the inner shell layer. However, some issues remain to be resolved when using tridacnid δ 18 O values as reliable paleoenvironmental proxies. One of the most critical issues is that previous studies of tridacnid δ
18
O values predominantly dealt with isotopic data from a single shell of a single taxon, so neither the inter-nor intraspecific variations were fully considered [2, 30, [35] [36] [37] . In this article, we first report the intraspecific (= intershell) variations in carbon (δ 13 C shell ) and oxygen (δ 18 O shell ) isotope ratios of samples from the inner shell layer on cross-sections of modern Tridacna derasa (Röding, 1798) [39] . The studied materials were three shells collected from Ishigaki-jima, Ryukyu Islands, southwestern Japan (Figs 1 and 2) [40] . We then compare the δ
O shell profiles of this species with each other and with oceanographic data around Ishigakijima . In this way, we show the extent to which the δ 18 O shell values of T. derasa reliably record oceanographic conditions, especially SSTs.
Materials and Methods

Study site and climate regime
The Ryukyu Islands are located to the southwest of mainland Japan and are composed of several tens of islands and islets ( Fig 1A) . These islands are arranged in a curved row, known as the Ryukyu Island Arc. Most of the islands are rimmed by well-developed fringing coral reefs, although they are located near the northern limit of the coral reef province in present-day oceans. Ishigaki-jima is located in the southwestern part of the Ryukyus (24°19 0 -37 0 N, 124°4 0 -21 0 E; Fig 1A) . The climate on the island is subtropical ( 
Tridacna derasa
There are currently eight described species within the genus Tridacna Bruguière, 1797 [43, 44] . They are among the most conspicuous marine invertebrates on coral reefs due to their large size and brilliantly colored mantle that contains photosynthesizing symbionts [44] . Of these species, T. derasa shells were examined in this study. Tridacna derasa, T. gigas, T. crocea, T. squamosa, and T. maxima are widely distributed in the Indian and Pacific Oceans, with the latter two extending their distribution into the Red Sea, whereas T. squamosina, T. rosewateri, and T. mbalavuana have restricted distributions (Red Sea, Mauritius, and Fiji to Tonga, respectively) [44] . Shell length of T. derasa reaches 50-60 cm. They live byssally anchored at a juvenile stage, but when approaching maturity their byssus glands atrophy, and the adult clams take up unattached existence on coral rubble or hard packed sand [45] . Phylogenetic analyses indicated that the divergent time was estimated to be~10 Ma between T. derasa and T. gigas-T. mbalavuana [44] .
Materials
Three T. derasa shells, designated KTd-1, KTd-4, and KTd-5 ( May 2011 (KTd-1). The water temperature and salinity in the pond were roughly equivalent to those of the outer ocean because the seawater was always pumped up from the outer ocean into the pond. The shell height and length of KTd-1 were 25.8 cm and 40.4 cm, respectively, those of KTd-4 were 26.6 cm and 41.7 cm, respectively, and those of KTd-5 were 25.3 cm and 38.3 cm, respectively. After the soft tissue was removed, a~1 cm thick slab was cut vertically from each shell along the maximum growth axis (Fig 2) . The inner and outer shell layers were clearly discernible on each slab. Carbonate samples for isotope analysis were manually obtained along a roughly median line on the inner shell layer at~0.5-0.7 mm intervals using drill bits with diameters of 0.6 mm and 1.0 mm (Figs 3-5). The numbers of carbonate samples obtained from KTd-1, KTd-4, and KTd-5 were 121, 163, and 149, respectively.
Isotope analysis
Stable isotope analyses of the shell aragonite were performed with a Thermo Scientific DeltaV Advantage mass spectrometer, coupled with a ThermoQuest Kiel III Carbonate Device, at the Graduate School of Science, Tohoku University, Sendai, Japan. The δ 13 C shell and δ 18 O shell values were calibrated for the NBS-19 international standard relative to VPDB. The external precision (1σ) for the δ 13 C and δ 18 O analyses, based on replicate measurements of the laboratory reference sample (JCt-1; [46] ), were ±0.02‰ and ±0.04‰ (n = 112), respectively. The correlations between the δ 13 C shell and δ 18 O shell values were evaluated with a reduced major axis regression technique [47] , the significance of which was examined statistically with a two-sided Pearson test and a 95% confidence limit. The distance domain δ 18 O shell profiles clearly showing seasonal cycles were converted to time series for better interpretation and comparison with those of aragonite precipitated in oxygen isotope equilibrium with ambient seawater (equilibrium aragonite), because it is well known that the aragonitic shells of tridacnids are generally precipitated in oxygen isotope equilibrium with ambient seawater [30, 32] . The temporal resolution of the δ
18
O shell values, represented by the number of isotope data per year, varied from~19 days to~4 months per sample. C shell values for KTd-1, KTd-4, and KTd-5 ranged from 0.97‰ to 1.88‰ (average = 1.33‰, σ (standard deviation) = 0.17‰), from 0.89‰ to 1.81‰ (average = 1.40‰, σ = 0.15‰), and from 1.19‰ to 2.21‰ (average = 1.56‰, σ = 0.15‰), respectively (S1 Table) . O shell values for KTd-1, KTd-4, and KTd-5 range from -2.50‰ to -0.40‰ (average = -1.47‰, σ = 0.59‰), from -2.06‰ to -0.24‰ (average = -1.26‰, σ = 0.51‰), and from -2.53‰ to -0.12‰ (average = -1.46‰, σ = 0.54‰), respectively (S1 Table) It was shown that decadal variability of δ 13 C DIC values relating to phytoplankton productivity and large-scale ocean dynamics are possible causes of ontogenetic trends of δ 13 C values from long-lived bivalve shells [63] . However, the three δ 13 C shell profiles of T. derasa are not long enough to discuss such relationships. The relatively constant δ 13 C shell values, characterized by the absence of seasonal cycles, ontogenetic decreases, and abrupt short-term drops in δ 13 C shell that are attributable to reproductive activity, suggests that the calcification site of this species is not affected by CO 2 uptake resulting from photosynthesis or the incorporation of CO 2 from respiration. This is common in other tridacnid species [32, 35, 38, 55] . The δ 13 C shell and δ 18 O shell values show weak or no significant correlations (KTd-1, r = 0.37, p < 0.05; KTd-4, r = 0.09, p < 0.05; KTd-5, r = 0.32, p < 0.05; Fig 7) , suggesting that there is no kinetic effect [64] or a very weak one on isotope fractionation during the precipitation of the carbonate-forming T. derasa shells. [30, 33-35, 37, 53, 54, 66] .
The aragonitic shells of tridacnids are known to be precipitated in oxygen isotope equilibrium with ambient seawater [30, 32] (Fig 6B) . The differences are larger if calculated from the summer and winter values using seasonally resolved data (KTd-1, -0.35‰ to 0.00‰, n = 21; KTd-4, -0.45‰ to 0.07‰, n = 28; KTd-5, -0.52‰ to 0.00‰, n = 29) (Fig 6C) . These differences generally cause the reconstructed seawater temperatures to be overestimated. The largest monthly and seasonally resolved Δδ
O values correspond to differences of 1.7°C and 2.3°C, respectively. However, the monthly time series for δ (Fig 6C) values for the coolest and warmest months, respectively) are used, the slopes and intercepts of the regression lines range from 0.99 to 1.05 and from -0.22 to -0.03, respectively, and the cross-correlation coefficients are 0.91-0.97 (p < 0.05) (Fig 8) . Taking into account the statistical errors (δ 18 O EA estimation and sampling errors), these results suggest that the seawater temperatures reconstructed from the δ 18 O shell values are largely the same as the actual temperatures. (Fig 6) . These differences may be due, at least in part, to different sampling resolutions and/or biological offsets in the juvenile and senescent stages of shell growth, which have been reported in several studies (brachiopods [23, 24, 67, 68] , mollusks [69] ). Therefore, the high (more than monthly) temporal resolution of the δ 18 O shell values in the adult stage of shell growth are most suitable for paleoenvironmental reconstructions using T. derasa. The shells of T. derasa (and other tridacnids) have potential advantages over the skeletal carbonates of other organisms, such as brachiopods and corals, because they are precipitated very close to oxygen isotope equilibrium with ambient seawater at least along the axis of maximum growth, which allows the δ 18 O shell values from any part of the inner shell layer to be converted directly to seawater temperature if the contribution of δ 18 O sw is negligible. The secondary shell layer of brachiopod shells is believed to be precipitated in carbon and oxygen isotope equilibrium with ambient seawater. However, recent investigations have shown that (Fig 9) show similar shapes to those of many other organisms characterized by growth rates that are initially high and later low (tridacnids [32, 33, 74] , bivalves [75] , brachiopods [72] ). Clear growth banding, composed of alternating wide light-grey bands and narrow white bands, is discernible on cross-sections of the inner shell layer (Figs 3-5 ). Different terms have been used to describe the growth bands, depending partly on differences in the instruments used to observe them, such as transmitted [32, 36, 74] or reflected illumination [2, 55] , which has led to confusion. In this study, we describe the growth bands based on observations made under reflected light. The annual δ 18 O shell maxima (= seawater temperature minima) correlated with the white growth bands. This indicates that the white bands were predominantly formed during winter, which is consistent with previous findings [2, 34, 36, 74] .
Conclusions
We investigated the intraspecific variations in the δ 13 C shell and δ 18 O shell values of samples from the inner shell layers, taken from cross-sections, of three modern T. derasa shells from Ishigaki-jima, Ryukyu Islands, southwestern Japan. The results can be summarized as follows. The δ 13 C shell profiles of the samples fall into a relatively narrow range and show no seasonal cycles, ontogenetic decreases, or abrupt short-term drops that might be related to reproductive activity. These observations suggest that the calcification site of T. derasa is unlikely to be affected by CO 2 uptake or influx caused by photosynthesis or respiration, respectively. to 0.38‰ and 0.52‰ when calculated from monthly and seasonally resolved data, respectively. These differences lead to seawater temperature to be overestimated by 1.7°C and 2.3°C, respectively. However, these differences are small (<0.25‰) in the parts of the shell that formed in the adult stage, which allows the reconstruction of accurate seawater temperatures with an error of <1.1°C. Therefore, the high-temporal-resolution δ 18 O shell data from the adult stage are most suitable for paleoenvironmental reconstructions using T. derasa. However, the maximum intraspecific differences in the monthly and seasonally resolved δ Supporting Information S1 
